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Neurobiology of Disease
PALS1 Is Essential for Retinal Pigment Epithelium Structure
and Neural Retina Stratification
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The membrane-associated palmitoylated protein 5 (MPP5 or PALS1) is thought to organize intracellular PALS1-CRB-MUPP1 protein
scaffolds in the retina that are involved in maintenance of photoreceptor–Mu¨ller glia cell adhesion. In humans, the Crumbs homolog 1
(CRB1) gene ismutated inprogressive types of autosomal recessive retinitis pigmentosa andLeber congenital amaurosis.However, there
is no clear genotype–phenotype correlation for CRB1 mutations, which suggests that other components of the CRB complex may
influence the severity of retinal disease. Therefore, to understand the physiological role of the Crumbs complex proteins, especially
PALS1, we generated and analyzed conditional knockdownmice for Pals1. Small irregularly shaped spots were detected throughout the
PALS1 deficient retina by confocal scanning laser ophthalmoscopy and spectral domain optical coherence tomography. The electroreti-
nography a- and b-wavewas severely attenuated in the agedmutant retinas, suggesting progressive degeneration of photoreceptors. The
histological analysis showed abnormal retinal pigment epithelium structure, ectopic photoreceptor nuclei in the subretinal space, an
irregular outer limiting membrane, half rosettes of photoreceptors in the outer plexiform layer, and a thinner photoreceptor synaptic
layer suggesting improper photoreceptor cell layering during retinal development. The PALS1 deficient retinas showed reduced levels of
Crumbs complex proteins adjacent to adherens junctions, upregulation of glial fibrillary acidic protein indicative of gliosis, and persist-
ing programmed cell death after retinal maturation. The phenotype suggests important functions of PALS1 in the retinal pigment
epithelium in addition to the neural retina.
Introduction
Polarization of cells depends on the asymmetric distribution of
multiprotein complexes, and these complexes provide the basis
for formation of cell-type-specific junctions that are crucial for
their function (Bulgakova et al., 2008). Central components
of many protein complexes are scaffolding proteins, and
membrane-associated guanylate kinases (MAGUKs) form a fam-
ily of scaffolding proteins involved in cell polarity at tight junc-
tions (Funke et al., 2005).
PALS1 (Protein associated with Lin7) belongs to theMAGUK
family of proteins, which are scaffolding factors containing one
PDZ, one SH3, and two L27 domains (Kamberov et al., 2000).
The PDZdomain of PALS1 links it to CRB1, 2, and 3, whereas the
N-terminal L27 domain links it to PALS1-associated tight junc-
tion protein (PATJ) or multi-PDZ domain protein 1 (MUPP1).
CRB-PALS1-PATJ and -MUPP1 are the core proteins in the
Crumbs complex, and the complex is conserved in mammalian
cells and localizes at tight junctions or subapical regions (SARs)
immediately adjacent to adherens junctions in polarized epithelia
(Kamberov et al., 2000; Roh et al., 2002; Makarova et al., 2003).
In humans, mutations have been identified in the CRB1 gene
in individuals with Leber congenital amaurosis (LCA), and reti-
nitis pigmentosa (RP) type 12 characterized by preservation of
para-arteriolar retinal pigment epithelium (PPRPE), RP with
Coats-like exudative vasculopathy, and early-onset RP without
PPRPE (den Hollander et al., 1999; den Hollander et al., 2004;
Gosens et al., 2008; Richard et al., 2006). Various animal models
have been used to study the function of Crumbs. In Drosophila,
loss of Crumbs results in the reduction of the stalk membrane,
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and the photoreceptor cells undergo light-dependent degenera-
tion (Johnson et al., 2002). Loss of CRB1 function in the mouse
impairs the integrity of the outer limiting membrane (OLM),
resulting in the delamination of parts of the photoreceptor layer
and neuronal cell death (Mehalow et al., 2003; van de Pavert et al.,
2004). However, the severity of the phenotype is strongly depen-
dent on the genetic background as different mutations in CRB1/
Crb1 cause various retinal phenotypes in human and mice. The
lack of a clear genotype–phenotype correlation for CRB1/Crb1
mutations may suggest that other components of the Crumbs
complex have a function influencing the severity of the retinal
disease. For instance, as orthologs to Pals1, Nagie oko zebrafish
lacking PALS1 display severe defects in the organization of the
retinal cell layers (Wei and Malicki, 2002; Wei et al., 2006), and
Drosophila flies lacking the PALS1 ortholog Stardust develop an
eye phenotype characterized by a shortened stalk membrane and
altered rhabdomere morphogenesis (Hong et al., 2003; Nam and
Choi, 2003; Berger et al., 2007). Previously, we demonstrated the
function of PALS1 by in vitro study using Pals1 shRNA in cul-
tured retinas, which resulted in the loss of localization of CRB1,
CRB2,MUPP1, VELI3, and partially of CRB3 (van Rossum et al.,
2006). Here, to address the involvement of PALS1 as a compo-
nent of the Crumbs complex in retinal dystrophy, we generated
conditional shPals1 knockdown mice and analyzed the conse-
quence of lowered PALS1 levels in the retina.
Materials andMethods
Generation of conditional shPals1 knockdown mice. Animal care and ex-
periments were performed in accordance with guidelines established at
the institutions in which the experiments were performed and approved
by the Animal Care and Use Committee. The shPals1 oligonucleotides,
TGTTCATTGAACATGGTGAATTCAAGAGATTCACCATGTTCAAT
GAACTTTTTTC and TCGAGAAAAAAGTTCATTGAACATGGTGA
ATCTCTTGAATTCACCATGTTCAATGAACA (van Rossum et al.,
2006), were annealed and subcloned into the HpaI/XhoI site of pSico-
pgk-puro (Ventura et al., 2004) behind the second loxP site. A 2.9 kb
PstI/KpnI fragment containing the U6 promoter, the two TATA-loxP
sites, the intervening pgk-puro sequence, the shPals1 sequence, and the
woodchuck hepatitis virus posttranscriptional regulatory element
(WPRE) sequences was isolated from pSico-U6-loxP-pgk-puro-loxP-
shPals1 and electroporated into mouse E14 embryonic stem (ES) cells,
and verified by long-template PCR of a construct-specific 2.3 kb frag-
ment using specific primers in the U6 promoter (5-AGACAAATGGCA
GTATTCATCCAC-3) andWPRE (5-CCACATAGCGTAAAAGGAGC
AACATAG-3) of the targeting vector. After verifying correctly targeted
shPals1 ES clones, 10 different Pals1 shRNA cell clones were selected and
3 clones were used for the blastocyst injection, of which 2 gave germ line
transmission (clones 7 and 13). In the studies described here, we used
transgenic shPals1mice derived from ES clone 13. Chimeric conditional
floxed Pals1 shRNA mice were generated and heterozygous shPals1
(shPals1flox/, from here on referred to as shPals1) and control mice were
maintained as a cross of C57BL/6 and 129/Ola (50%/50%). To obtain
shPals1 conditional knockdown mice, RxCre (Swindell et al., 2006) and
Chx10Cre (Rowan and Cepko, 2004) mice, maintained as a cross of
C57BL/6 and 129/Ola (50%/50%), were used for Cre-mediated recom-
bination. RxCremice were obtained on FVB background, and thereafter
backcrossed onto C57BL/6 and 129/Ola (50%/50%), with 1% FVB
background, and had nomutations in the phosphodiesterase 6b (pde6b)
gene. Genotyping of the mice was done by PCR on genomic DNA. For
theRxCregenotyping, 5-GTTGGGAGAATGCTCCGTAA-3and5-GT
ATCCCACAATTCCTTGCG-3 primers were used, for the Chx10Cre
genotyping,5-GGGCACCTGGGACCAACTTCACGA-3and5-CGGC
GGCGGTCACGAACTCC-3, and for the shPals1, 5-TGTAAAACGA
CGGCCAGTTGCAAGAACTCTTCCTCACG-3 and 5-CAGGAAAC
AGCTATGACCAGGCCTTCCATCTGTTGCT-3 were used. For all
analyses, wild-type, shPals1, RxCre, Chx10Cre, shPals1flox/;RxCre/
(fromhere on referred to as shPals1-RxCre) or shPals1flox/;Chx10Cre (as
shPals1-Chx10Cre) mouse littermates of either sex were used. Cre-
mediated recombination was verified by PCR using the following primer
pair: 5-GGGACAGCAGAGATCCAGTT-3 and 5-TTCTCGAGGTCG
ACGGTATC-3.Wehave used shPals1 andRxCre as controls for shPals1-
RxCre, and shPals1 and Chx10Cre as controls for shPals1-Chx10Cre
mutant mice.
Western blot analysis.Retinas were dissected and homogenized by son-
ication in ice-cold RIPA buffer containing protease inhibitors. The pro-
tein concentrations of cell extracts were measured by Bradford’s assay
and retina lysate was loaded on a gradient SDS-PAGE gel (NuPAGE gels,
Invitrogen) and subsequently transferred onto PVDF membranes. The
membranes were then blocked, incubatedwith primary antibodies (anti-
PALS1, 1/250, ProteinTech Group and anti-Actin, 1/500, Millipore Bio-
science Research Reagents) and secondary antibodies (Streptavidin
IRDye conjugated, Rockland Immunochemicals) in 0.3% BSA/TBS (50
mM Tris, pH 7.5, 150 mM NaCl), and washed in TBST (TBS and 0.05%
Tween 20). Bands were visualized using the Odyssey Infrared Imaging
system (LI-Cor Biosciences) and quantified by ImageJ (National Insti-
tutes of Health).
Confocal scanning laser ophthalmoscopy and spectral domain optical
coherence tomography. Confocal scanning laser ophthalmoscopy (cSLO)
imaging was performed with HRA 1 and HRA 2 (Heidelberg Engineer-
ing) featuring up to two Argon wavelengths (488/514 nm) in the short
wavelength range and two infrared diode lasers (HRA 1: 795/830 nm,
HRA 2: 785/815 nm) in the long wavelength range as previously de-
scribed (Seeliger et al., 2005). For spectral domain optical coherence
tomography (SD-OCT) imaging, Spectralis HRAOCT device (Heidel-
berg Engineering) was used as described previously (Fischer et al., 2009).
Imaging was performed using the proprietary software package Eye Ex-
plorer version 3.2.1.0 (Heidelberg Engineering). Resulting data were ex-
ported and processed in Corel DrawX3.
Electroretinography. Ganzfeld electroretinograms (ERGs) were re-
corded according to the procedures described previously (Seeliger et al.,
2001; Tanimoto et al., 2009). Briefly, after overnight dark adaptation,
mice were anesthetized with ketamine (66.7 mg/kg body weight) and
xylazine (11.7 mg/kg body weight), and the pupils were dilated with
tropicamide eye drops (MydriaticumStulln, Pharma Stulln). Single-flash
responses were obtained under dark-adapted (scotopic) and light-
adapted (photopic) conditions. Light adaptation was achieved with a
background illumination of 30 cd/m2 starting 10 min before photopic
recordings. Single white-flash stimuli ranged from 4 to 1.5 log
cd  s/m2 under scotopic and from 2 to 1.5 log cd  s/m2 under pho-
topic conditions, divided into 10 and 8 steps, respectively. Ten responses
were averaged with interstimulus interval of 5 or 17 s (for 0–1.5 log
cd  s/m2).
Electron microscopy analysis. For immuno-electron microscopy
(immuno-EM) analysis, eyeswere processed according to the procedures
described previously (Klooster et al., 2009). Briefly, eyeswere fixed for 1 h
at room temperature in 0.1 M phosphate-buffered (pH 6.5) 4% formal-
dehyde. After fixation, the eyes were cryoprotected and embedded in
Tissue Tek (Sakura Finetek Europe). They were sectioned and incubated
for 20–68 h with rabbit anti-PALS1 (1/200, Millipore Bioscience Re-
search Reagents, ProteinTech). After rinsing, the sectionswere incubated
with a PowerVisionPoly-HRP-Goat Anti-rabbit IgG (ImmunoVision
Technologies). To visualize the peroxidase, the sections were incubated
in a Tris–HCl diaminobenzidine (DAB) solution containing 0.03%
H2O2. The DAB reaction product was then intensified by a gold-
substituted silver peroxidase method. Sections were rinsed in sodium
cacodylate buffer 0.1 M, pH 7.4, and postfixed for 20 min in 1% OsO4
supplemented with 1% potassium ferricyanide in sodium cacodylate
buffer 0.1 M, pH 7.4. After washing in the sodium cacodylate buffer, the
material was dehydrated and embedded in epoxy resin. Ultrathin sec-
tions were observed and photographed in FEI Technai 12 electron mi-
croscope. Electronmicrographs were acquired as TIFF files with IMAGE
II cameras.
Transmission electronmicroscopy analysis were performed according
to the procedures described previously (van Rossum et al., 2006) with
modification. Briefly, the eyes were fixed in 4% paraformaldehyde, 2.5%
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glutaraldehyde in 0.1 M cacodylate buffer, pH 7.3, and postfixed in 1%
osmium supplemented with sodium cacodylate buffer (0.1 M, pH 7.4).
After fixation, eyes were dehydrated in a graded series of ethanol and
embedded in epon 812 (Polysciences). Ultrathin sections (80 nm) were
made with an Ultramicrotome UCT (Leica). Then, the sections were
examined with a Zeiss EM 912 electron microscope (Zeiss), and images
were captured using Gatan Micrograph software and a Bioscan camera.
Morphological and immunohistochemical analysis. Mouse eyes (n 
3–6/age group) were harvested for morphological analysis as described
previously (van de Pavert et al., 2007a; van Rossum et al., 2006). For
morphological analysis, eyes were enucleated and fixed at room temper-
ature with 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB,
pH 7.4) for 30min. After fixation, the eyes were dehydrated for 30min in
30%, 50%, 70%, 90%, and 96% ethanol and embedded in Technovit
7100 (Kulzer) tomake eye-embedded plastic blocks. The blocks were cut
in 5m sections with amicrotome and stained with 0.5% toluidine blue.
For immunohistochemical analysis, eyes were fixed in 4% PFA in 0.1 M
PB, dehydrated in 30% sucrose, and embedded in Tissue-Tek O.C.T.
compound. Immunostainings were performed on cryosections using the
following primary and secondary antibodies: rabbit anti-PALS1 (1/200,
Millipore Bioscience Research Reagents, ProteinTech), mouse anti--
catenin (1/300, BD), rabbit anti-CRB1 (1/100, AK2) (van de Pavert et al.,
2004), rabbit anti-glial fibrillary acidic protein (GFAP) (1/200, DAKO),
mouse anti-MUPP1 (1/300, BD), mouse anti-glutamine synthetase (1/
300, BD), rabbit anti-MPP3 (1/100, ProteinTech), rabbit anti-Recoverin
(1/200, Millipore Bioscience Research Reagents), mouse anti-PKC  (1/
300, BD), and rabbit anti-Caspase-3 (cleaved form, 1/200, Cell Signal-
ing). Cone outer segments and pedicles were stained with fluorescein-
labeled peanut agglutinin lectin (PNA, 1/200, Vector Laboratories),
Fluorescent-labeled secondary antibodies were donkey anti-chicken,
goat anti-mouse, or goat anti-rabbit IgGs conjugated to Cy3, Alexa488,
or FITC (Jackson ImmunoResearch Laboratories and Invitrogen). For
retinal flat-mount analysis, eyes were fixed in 4% PFA in 0.1 M PB, and
separated into the eyecup and the retina, and immunostainings were
performed as mentioned above. For confocal microscopy analysis, the
eyecup was flattened RPE side up on slides and coverslipped with an
aqueous mounting medium and examined using a Zeiss microscope
(Zeiss LSM510). Analysis and measurement of pictures were performed
using Zeiss LSM browser v3.2 image software.
Quantification and measurement. To quantify the apoptotic cells, ret-
ina sections (P6 and P18) were stained with cleaved Caspase-3 (c-CAS3)
antibody and counterstained with TO-PRO-3 for nuclei. Total numbers
of apoptotic cells were determined by manually counting c-CAS3
antibody-positive cells in the unit area (100 m2) on digital images
generated by Zeiss LSM browser v3.2 image software. For the measure-
ment of cone outer segments, retina sections (P10, P18, and P30) were
stained with fluorescein-labeled PNA lectin and the lengths of the stain-
ings weremeasured by Zeiss LSM browser v3.2 image software. For ONL
thickness, the thickness was measured at 0.5, 1, 1.5, 2, and 2.5 mm dis-
tance from the optic nerve head using Zeiss LSM browser v3.2 image
software. For statistic analysis, Student’s t test was applied for calculating
significance and significance levels were set at0.05.
Results
Generation of shPals1 conditional knockdown mice
The effectiveness of the shPals1 sequences in cultured retinas and
in utero brain ventricle electroporation has previously been
shown (van Rossum et al., 2006; Kim et al., 2010). The condi-
tional targeting construct (Fig. 1A) was electroporated into
mouse E14 ES cells, and cells harboring the complete expression
cassette were used for blastocyst injection and generation of
shPals1 mice. Cre-mediated recombination was verified by PCR
using retinal chromosomal DNA fromwild-type, RxCre, shPals1,
and shPals1-RxCre. PCR analysis confirmed the recombined
DNA product (lower band, 466 bp) in shPals1-RxCre (Fig. 1B),
but also indicated the presence of cells that escaped from recom-
bination (upper band, 1979 bp). Next, we performed Western
blot analysis to evaluate the reduction of PALS1 levels using total
retina lysates (n  6–8 eyes; Fig. 1C) at postnatal day 6 (P6).
Upon quantification of the blots, PALS1 levels were decreased to
52  3% (n  10,  SD) in shPals1-RxCre retinas compared to
RxCre control retinas.
Reduced retinal PALS1 levels impairs vision in adult mice
To determine the phenotype, we analyzed the retinas of 1-, 3-, 6-,
and 12-month-old shPals1-RxCre mice by cSLO, optical coher-
ence tomography (OCT), and electroretinography (ERG). In
cSLO and OCT analysis, all control littermate animals showed
normal retinal morphology and retinal vasculature (Fig. 2A).
However, the shPals1-RxCremice showed changes in fundus ap-
pearance as well as vascular alterations especially in aged shPals1-
RxCre mice. In 1- and 3-month-old shPals1-RxCre mice, an
almost normal fundus appearance by cSLO examination was ob-
served, but sites of cellular mislocalization as well as roundish
structures in the outer plexiform layer (OPL) were found with
OCT imaging (Fig. 2A) corresponding to the half rosettes ob-
served in histological sections (Fig. 3A). In 6-month-old shPals1-
RxCre mice, spotty and patchy areas as well as vascular leakage
were observed with cSLO imaging (Fig. 2A, arrows). In 12-
month-old shPals1-RxCremice, the spotty and patchy areas and
Figure 1. Decreased levels of PALS1 in the retina after conditional gene silencing. A, Schematic representation of shPals1-RxCre retinas after Cre-mediated recombination. After Cre recombina-
tion, the U6 promoter drives the expression of shRNA against the Pals1 gene as illustrated. The small arrow indicates the insertion of the short hairpin Pals1 sequence behind the second loxP. PGK,
Phosphoglycerate kinasepromoter; PURO,puromycingene;U6,U6promoter.B, Genotypingof themice (RxCre, shPals1, and shPals1-RxCre)wasdoneby long-distance-PCRongenomicDNA isolated
from E15 or 3-month-old retinas. The upper PCR bands (1979 bp) are from non-recombined and the lower bands (466 bp) are from recombined DNA products. 3M, 3Months of age; E15, embryonic
day 15.C, PALS1protein levelswere decreased to 523% inP6 shPals1-RxCre retinas. Total retina cell lysateswere used for SDS-PAGE andWestern blot analysis. PALS1 antibodywas used to detect
PALS1 protein in the retinas and actin antibody was used for loading control. Expression levels were normalized to actin.
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Figure 2. Decreased levels of PALS1 in shPals1-RxCre retinas caused early onset of loss of vision. A, cSLO and SD-OCT analysis from 1-, 3-, 6-, and 12-month-old shPals1-RxCre and control mice
(RxCre). Spotty and patchy areas as well as vascular abnormalities (arrows in angiography) were found in shPals1-RxCremouse retinas with cSLO fundus imaging. OCT (Figure legend continues.)
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vascular leakage were more obvious and spread to the entire ret-
ina in cSLO imaging (Fig. 2A, arrows). OCT imaging revealed
further sites of cellular mislocalization, as well as roundish struc-
tures in the OPL, and a reduction of the retinal thickness of the
outer retina (red lines), as well as cellular mislocalization. Exam-
inations of the retinal function in shPals1-RxCre mice by ERG
showed reduced scotopic and photopic responses, with a- and
b-wave amplitudes (reflecting activities of photoreceptors and
ON-bipolar cells, respectively) lower than littermate controls
(shPals1 and RxCre), indicating alterations of both rod and cone
system components (Fig. 2B). Upon aging of shPals1-RxCre ret-
inas, the ERG signals were severely attenuated, suggesting pro-
gressive degeneration of photoreceptors and reduced vision
compared to controls (Fig. 2C).
Reduced PALS1 levels cause retinal disorganization and
degeneration
To investigate the retinal shPals1-RxCre phenotype, we collected
eyes fromP6 to 1 year and analyzed themorphology of the retinas
(Fig. 3A). In control retina at P10, the three nuclear layers, outer
nuclear layer (ONL), inner nuclear layer (INL), and ganglion cell
nuclear layer (GCL) are well laminated, but photoreceptor seg-
ments are still short and the OPL and inner plexiform layer (IPL)
synapses are not yet fully maturated (Cepko et al., 1996; Reese,
2011). At P18, the retina is almost matured and the retina mor-
phology is similar to adult retinas. However, the shPals1-RxCre
retinas showed abnormal retina structure. At P6, the GCL and
IPL are well laminated, but regions of the developing INL, ONL,
andOPL are disorganized. FromP10 to P30, the three layers were
relatively well separated, but showed retinal folds and half ro-
settes of photoreceptors in the ONL and OPL, and ectopic pho-
toreceptor nuclei in the subretinal space. In addition, the OLM
showed gaps and irregularities. In aged shPals1-RxCre retinas, the
ONL and OPL became progressively thinner and the retina
showed gradual degeneration of the ONL as well as INL. Overall,
the phenotype in shPals1-RxCre retinas started with sporadically
detectable disorganizations at the peripheral part of the retina at
the early postnatal days (P6 till P30) and progressed throughout
the entire retina following retinal maturation.
Tangential imaging of wild-type retina (P10) shows the local-
ization of PALS1 in the apical cell membrane of retinal pigment
epithelium (RPE) cells and in the apical microvilli (Fig. 3Ba). To
getmore detail, we examined the retina at EM level. Immuno-EM
images of wild-type retinas (P10) display the localization of
PALS1 at the tight junctions of RPE cells (arrows in Fig. 3Bb)
without detectable staining at the basolateral membrane (Fig.
3Bb, arrowheads). PALS1 stainingwas also detected inRPE apical
microvilli (Fig. 3Bc, arrows). In EM examination of shPals1-
RxCre retinas at P10, basal infoldings (Fig. 3Cc, arrows) were
disorganized and vacuoles (asterisk) were increased in number
and size. The apical microvilli of the mutant RPE were either
absent or shorter (Fig. 3Cd, double-headed arrows) and did not
interdigitate with the outer segments of photoreceptor cells (Fig.
3Cb, double-headed arrows). From the EM results, we suggest
that PALS1 is essential for the RPE structure, and especially their
apical microvilli that have important roles in phagocytosis of
shed photoreceptor outer segments and removal of waste prod-
ucts from photoreceptor cells (Bok, 1993; Bonilha et al., 2004).
The retinal phenotype depends on dosage and location of the
decrease of PALS1
In RxCre mice, Cre starts to be expressed as early as embryonic
day 9 in the forebrain in the eye determining field (Swindell et al.,
2006). The region expressing Cre encompasses the future neural
retina and the RPE. In Chx10Cremice, Cre starts to be expressed
a little later at E10.5 in the neural retina but not in the RPE
(Rowan and Cepko, 2004). To examine the function of PALS1 in
the early neural retina, we examined shPals1-Chx10Cremice. In
shPals1-Chx10Cre retinas, conditional recombination occurred
as in shPals1-RxCre retinas (Fig. 4A), and PALS1 levels were de-
creased to 66  4% in shPals1-Chx10Cre retinas compared to
Chx10Cre control retinas (n 6–8 eyes; n 8 blots,SD; Fig.
4B). The shPals1-Chx10Cre retinas showed a significant milder
phenotype than shPals1-RxCre retinas. Retinas of shPals1-
Chx10Cre at 12months of age showed normal vascular pattern in
cSLO fundus imaging, but OCT imaging revealed lamination
defects at the OPL (Fig. 4C). In ERG analysis, the mutant mice
showed only slightly reduced scotopic and photopic responses
compared to control littermates (Fig. 4D). Sections of plastic
embedded retinas confirmed the morphological abnormalities
observedbyOCT imaging (Fig. 4E).At 3monthsof age,wedetected
a morphological phenotype in shPals1-Chx10Cre retinas much
milder than in shPals1-RxCre retinas. In shPals1-Chx10Cre retinas,
we only sporadically detected gaps at theOLM, ectopic photorecep-
tor nuclei in the subretinal space and OPL, and upregulated GFAP
(Fig. 4E and data not shown). The shPals1-Chx10Cre retinas of 12
months of age showed a thinner photoreceptor layer and OPL with
shortened photoreceptor segments, and at foci disorganization of
the OLM, ONL, and INL. EM analysis at P10 did not show differ-
ences between shPals1 and shPals1-Chx10Cre retinas (Fig. 4F). The
milder phenotype in shPals1-Chx10Cre retinas may be the result of
less efficient gene silencing of Pals1, and an intact RPE required for
maintenance of the outer retina (Longbottom et al., 2009). In sum-
mary, the data from shPals1-RxCre and shPals1-Chx10Cre retinas
suggests an important function for PALS1 in the RPE in addition to
the neural retina.
Reduced PALS1 levels disturbs the Crumbs complex and
cause gliosis
The phenotype in shPals1-RxCre and shPals1-Chx10Cremice re-
sembles in part the phenotype observed in Crb1 mutant mice
(Mehalow et al., 2003; van de Pavert et al., 2004, 2007a,b). A
striking difference is that in Crb1 mutant mice the phenotype is
limited to one quadrant of the inferior retina, whereas in shPals1
conditional knockdown retinas, the phenotype is not restricted to
one quadrant, resulting in significant loss of retinal activity. We
therefore examined by immunohistochemistry the localization of
Crumbs complex members at the SAR immediately adjacent to
4
(Figure legend continued.) analysis further revealed reduction of the retinal thickness in the
outer retina as well as cellular mislocalization. Red lines indicate the thickness of the photore-
ceptor layer. Arrowheads indicate folded ONL regions and borders of photoreceptor degenera-
tion. ICGA, Indocyanine green angiography; FLA, fluorescence angiography. B, Scotopic and
photopic single-flash ERG responses from representative animals for a given genotype at the
ageof 3months. The reduced scotopic ERGa-wave indicatedphotoreceptordegeneration (filled
arrows in the right column). C, Single-flash ERG age series in shPals1-RxCremutant (red), RxCre
(green, control), or shPals1 (black, control) mice. Scotopic (SC, top) and photopic (PH, bottom)
b-wave amplitudeswere plotted as a function of the logarithmof the flash intensity. Datawere
obtained from 1-, 3-, 6-, and 12-month-old shPals1-RxCre, 1-, 3-, 6-, and 12-month-old RxCre,
and 1- and 3-month-old control shPals1 animals. Boxes indicate the 25% and 75% quantile
range, whiskers indicate the 5% and 95% quantiles, and solid lines connect themedians of the
data. Note the decline of the b-wave amplitude in shPals1-RxCremicewith increasing age up to
12months of age under both scotopic andphotopic conditions, indicating degeneration of both
rod and cone system components.
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adherens junctions at the OLM. Whereas, at 3 month of age, in
control retinas PALS1, CRB1, andMUPP1 stained the SAR adja-
cent to the OLM, in shPals1-RxCre retinas the staining for SAR
proteins is reduced or lost especially at regions of protrusions of
photoreceptor nuclei into the subretinal space and ingression of
photoreceptor nuclei into the OPL (Fig. 5). Staining for markers
of the adherens junctions at the OLM (cadherins, -catenin,
p120) gave similar results (data not shown). In Crb1 mutant
mice, upregulation ofmarkers for intermediate filaments inMu¨l-
ler glia cells such as GFAP was detected at foci of retinal disorga-
nization (van de Pavert et al., 2004, 2007a,b). In shPals1-RxCre
retinas, we detect upregulation of GFAP throughout the retina
suggestive of gliosis (Fig. 5). Previous coimmunoprecipitation
studies showed a complex of retinal PALS1 with CRB1 and
MUPP1, immunohistochemistry showed their colocalization,
and shPals1 gene silencing studies in cultured retinas showed that
PALS1 is required for the localization of these proteins (van de
Pavert et al., 2004; van Rossum et al., 2006). From these, we
suggest that reduced levels of PALS1 in the retina result in dis-
ruptions at the OLM and apical protein complex.
Figure 3. Decreased levels of PALS1 in shPals1-RxCre retinas caused retinal degeneration and abnormal RPE structure. A, Technovit retinal sections of control RxCremice at postnatal day 6 (P6),
P10, P18, and P30 and 12months of age (12M), and shPals1-RxCremice at P6, P10, P18, and P30 and 3, 6, and 12months of age (3M, 6M, 12M). The phenotype in shPals1-RxCre retinas is detectable
initially at the peripheral part of the retina at P6, and it spreads to the entire retina following retinal maturation. Even though the retinal layers (ONL, INL, GCL) are separated, retinal folds and half
rosettes of the ONL are detected, and photoreceptor nuclei protruded into the subretinal space and ingressed into the OPL from P10 onwards. In aged mutant retinas (3–12M), the ONL and OPL
become thinner due togradual retinal degeneration. TheONL is also severely damagedandabnormal large vacuoles aredetected in theRPE layer. Scale bar, 50m.B, RepresentativePALS1 staining
images from immuno-EM and IHC analysis are shown from wild-type at P10. a, IHC flat mount of RPE cells stained with anti-PALS1. At immuno-EM level, the RPE monolayer has apical microvilli
toward the photoreceptor outer segments and the cells are interconnected by tight junctions (b, c). Arrowheads indicate the basolateralmembrane.b, c, Arrows indicate PALS1 at the tight junction
(b) and in apical microvilli surrounding a photoreceptor outer segment (c). Scale bars: 20m (a), 0.5m (b, c). C, EM analysis of RxCre and shPals1-RxCremice at P10. RPE cells appeared to be
disorganizedwith shortmicrovilli (double-headed arrows in d), reduced/disorganized basal infoldings (arrow in c), and in addition, numerous vacuoles were presentwithin the cells (c, asterisk). N,
RPE cell nucleus; OS, photoreceptor outer segments; Mv, microvilli; BM, Bruch’s membrane; BI, basal infoldings. Scale bars: 5m (a, c), 1m (b, d).
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Retinal cell specification is not affected, whereas retina
lamination is aberrant
Retinal progenitor cells initiate a cell-type-specific differentiation
program, controlling their migratory behavior and their mor-
phogenesis. In this way, the different cell types achieve their lam-
inar positioning, adult morphologies, and synaptic connections
(Cepko et al., 1996; Reese, 2011). Lack of functional PALS1 in
zebrafish nagie oko mutant retinas results in retinas that do not
Figure 4. Decreased levels of PALS1 in shPals1-Chx10Cre retinas caused late onset of loss of vision. A, Genotyping of the mice (Chx10Cre, shPals1, and shPals1-Chx10Cre) was done on genomic
DNA isolated from3-month-old retinas. The lower bands (466 bp) are from shPals1-Chx10Cre recombinedDNAproducts.B, PALS1 protein levelswere decreased to 66 4% in P6 shPals1-Chx10Cre
retinas. PALS1 antibody was used to detect PALS1 protein in the retinas and actin antibody was used for loading control. Expression levels were normalized to actin. C, cSLO and OCT analysis of
12-month-old shPals1-Chx10Cre retinas. shPals1-Chx10Cre retinas showed almost normal fundus appearance and regular vascular pattern in cSLO fundus imaging but somemislocalized structures
in the OPL are found with OCT imaging. Red lines indicate the thickness of the photoreceptor layer and arrowhead indicates folded ONL regions. D, Electroretinographic data from 12-month-old
shPals1-Chx10Cre mutant mice and control Chx10Cre mice showing scotopic (SC, left) and photopic (PH, right) b-wave amplitudes from controls (green) and shPals1-Chx10Cre mice (red) as a
function of the logarithmof the flash intensity. Boxes indicate the 25%and 75%quantile range,whiskers indicate the 5%and 95%quantiles, and solid lines connect themedians of the data. Insets,
Scotopic (left) and photopic (right) single-flash ERGs with 1.5 log cd  s/m 2 intensity of a Chx10Cre control mouse (green traces) and a shPals1-Chx10Cre mouse (red traces). The 12-month-old
shPals1-Chx10Cre mice showed only slightly reduced scotopic and photopic responses compared to the Chx10Cre littermate controls. E, Morphological analysis of control Chx10Cre and shPals1-
Chx10Cre retinas. At 3months of age (3M), the shPals1-Chx10Cre retinas showedmild and sporadic phenotype. At 12months of age (12M), themutant retinas showed disturbed ONL and INL layers
and also reducedwidth of the OPL. Scale bar, 50m. F, EM analysis of shPals1-Chx10Cre at P10. The RPE of shPals1-Chx10Cre showed normal cell structure as Chx10Cre controls. N, RPE cell nucleus;
Mv, microvilli; BM, Bruch’s membrane; BI, basal infoldings. Scale bar, 5m.
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show the normal nuclear layering, the cells occupy highly abnor-
mal positions, but cell-specification mechanisms are not affected
(Wei and Malicki, 2002). To verify the cell specification and
patterning in shPals1-RxCre retinas, we stained for markers of
photoreceptors and bipolar andMu¨ller glia cells. Control retinas
at P10 show lamination of the retina, and normal location of
bipolar cells and photoreceptors (Fig. 6). In shPals1-RxCre reti-
nas, all cell types were generated andmost but not all retinal cells
were properly located in the retina. The mutant retina showed
folds, some photoreceptor cells ectopically localized in the sub-
retinal space or OPL, and some bipolar cells ectopically localized
in the ONL, suggesting incorrect patterning of retinal cells. We
suggest that reduced levels of PALS1 do not affect retinal cell-
specification mechanisms, but affect correct patterning of newly
born retinal cells, especially photoreceptors, and that may have
negative consequences for establishing andmaintenance of stable
neuronal connections at the OPL.
Lack of the PALS1 ortholog Stardust in the fruit flyDrosophila
leads to loss of Crumbs and Patj from the stalkmembrane, and to
shortened stalk membranes, and increased sensitivity to light,
although different Stardust mutant alleles give different pheno-
types (Hong et al., 2003; Nam and Choi, 2003; Berger et al.,
2007). Lack of Crumbs inDrosophila photoreceptors leads to loss
of Stardust and Patj from the stalk membrane, and to shortened
stalk membranes, and increased sensitivity to light (Johnson et
al., 2002). Similarly, lack of CRB ortholog
Crb2b in zebrafishDanio rerio leads to re-
duced photoreceptor segments length
(Omori and Malicki, 2006). We therefore
studied the length of cone outer segments
in shPals1-RxCre retinas by measuring
peanut agglutinin (PNA) stains of P10,
P18, and P30 retinas, but detected no sig-
nificant effect on outer segment length
upon decreased levels of PALS1 except for
foci of severely disorganized retina (Fig.
7A,B). The reduced length of cone outer
segments at P30 is likely to be the conse-
quence of the increased retinal degenera-
tion throughout the retina (Fig. 7B). The
data suggest that moderately reduced lev-
els of PALS1 do not directly affect cone
photoreceptor outer segment length.
Retinas with reduced levels of PALS1
undergo persistent programmed
cell death
shPals1-RxCre retinas showed disorgani-
zation during late retinal development
followed by progressive degeneration.
Cell death is a normal process during ret-
inal development (Young, 1984). It takes
place in two waves concomitant with the
processes of neurogenesis, cell migration,
and cell differentiation at an early phase
andwhen connections are established and
synapses are formed, resulting in selective
elimination of inappropriate connections
at a later phase (Vecino et al., 2004). To
study the incidence of apoptosis in
shPals1-RxCre retinas, we used cleaved-
Caspase-3 (c-CAS3) antibody as a marker
for apoptosis. The late phase of apoptosis
normally occurs around P6, and apoptosis rates are similar as in
the control retinas (Fig. 8A,B). The late phase of apoptosis nor-
mally ends after P10, but shPals1-RxCre retinas showed persistent
apoptosis, suggesting continuous clearance of inappropriate con-
nections. Untimely apoptosis is detected in the photoreceptor
layer as well as INL, whereas the ganglion layer is spared. In aged
retinas of 3, 6, and 12 months of age, we detected loss of photo-
receptors and bipolar cells (Fig. 8C,D). Our data on shPals1-
RxCre retinas suggest that reduced levels of PALS1 cause
inappropriate localization of photoreceptor and INL neurons
that subsequently undergo programmed cell death.
Discussion
In the current study, we have generated and analyzed shPals1-
RxCre and shPals1-Chx10Cre mice. The phenotype in shPals1-
RxCre is more severe than in shPals1-Chx10Cre retinas,
suggesting a role for PALS1 in the RPE and neural retina during
retinal development.
We have crossed the shPals1mice with two differentCre lines,
RxCre and Chx10Cre, both expressing Cre in retinal progenitor
cells; but shPals1-RxCre and shPals1-Chx10Cre retinas show a
difference in onset and severity of the retinal phenotype.We have
also generated shPals1-NestinCremice that gave as severe a reti-
nal phenotype, in ERG, SLO, OCT, histology, and IHC analysis,
as shPals1-RxCre (data not shown). The difference in severity of
Figure 5. PALS1 localizes with CRB1 and MUPP1 to the subapical region adjacent to adherens junctions at the outer limiting
membrane. Immunohistochemistry on 3-month-old retinas showing confocal images of staining for proteins associated with the
Crumbs complex, PALS1, CRB1, and MUPP1, and for GFAP, a Mu¨ller glial cell marker. Staining for the Crumbs complex shows
fragmented staining (arrows) of PALS1, CRB1, and MUPP1 in the shPals1-RxCre retinas, which indicate the dislocalization of the
Crumbs complex proteins at the SAR adjacent to adherens junctions at the OLM. GFAP staining shows increased reactive gliosis in
the mutant retinas. Scale bar, 50m.
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the phenotype might be explained by (1) difference in cell type-
specific expression of Cre (expression in neural retina, or neural
retina and RPE), (2) difference in time of expression of Cre and
subsequently ofPals1 shRNA (fromE9 inRxCre, or fromE10.5 in
Chx10Cre), or (3) difference in mosaic expression of Cre and
silencing of PALS1 expression. The Chx10Cremouse line used is
known to express Cre in most but not all retinal progenitor cells,
resulting in amosaic retina of wild-type andmutant cells (Rowan
and Cepko, 2004).
The RPE performs highly specialized, unique functions essen-
tial for homeostasis of the retina, and loss/malfunction of RPE
causes loss of adhesion between the retina and RPE (Ashburn et
al., 1980), and photoreceptor degeneration and atrophy of the
choriocapillaris (Korte et al., 1984). Using EM analysis, we de-
tected disturbances in mutant RPE cells such as shortened mi-
crovilli, disorganized basal infoldings, and increased number and
size of vacuoles. Therefore, our data suggest that reduced levels of
PALS1 in the RPE and neural retina cause the phenotype ob-
served in shPals1-RxCre retinas. In zebrafish, PALS1 is expressed
in the early RPE, and nagie oko zebrafish that completely lack
PALS1 showed disturbances in RPE cells, and the phenotype
could be rescued in part by expression of a nagie oko transgene in
the RPE showing proper patterning of ganglion cells and cells of
the INL (Zolessi et al., 2006; Zou et al., 2008; Randlett et al.,
2011). Transgenic mouse lines expressing Cre in the RPE are
available, but are unfortunately not useful to address the hypoth-
esis because they either express Cre recombinase in the RPE as
well as in the neural retina, or in a small subset of RPE cells, or
they express postnatally (Mori et al., 2002; Delmas et al., 2003;
Longbottom et al., 2009; Zhao et al., 2011).
Inmouse neural retina, PALS1 localizes to the SAR adjacent to
adherens junctions between photoreceptors and Mu¨ller glia cells
and forming complexes with CRB1 andCRB2 inMu¨ller glia cells,
and with CRB2 in rod and cone photoreceptors (van Rossum et
al., 2006). The phenotype observed in Figure 3 (e.g., gaps in the
OLM, retinal folds, half-rosettes, ectopic photoreceptors in the
subretinal space and OPL, progressive photoreceptor death) is in
part similar to the phenotype observed in Crb1 knock-out mice.
Figure 6. Retinal cell specification is normal, but cell patterning is aberrant in shPals1-RxCre retinas. At P10, in RxCre control retina, the staining of PKC (green), a bipolar cell marker, and
recoverin (red), a photoreceptor cell and cone bipolar cell marker, show well separated, properly layered cells. At P10, in shPals1-RxCre retinas, even though the retina layers are folded and some
photoreceptor cells are dislocated into the subretinal space, most retina cells are separated and properly located in the retina. TO-PRO-3was used for nuclear DNA staining (blue). Scale bar, 50m.
Figure7. Reduced levels of PALS1 donot affect the size of cone photoreceptor outer segments.A, PNA staining (red) for cone outer segment on representative sections of RxCre control retina and
two different regions (less disorganized, left panel, and more disorganized, right panel) from the same shPals1-RxCremutant retina at P18. The subapical region adjacent to the OLM is stained by
anti-PALS1 (green). Scale bar, 50m. B, Histogram shows the length of cone outer segments in themutant retinas and control retinas at P10, P18, and P30. The PNA stained cone outer segments
at less disturbed regionsweremeasured to verify the involvement of PALS1 in the growth of cone outer segment during development, but therewas no significant difference in P10 and P18 except
for in P30 (B). Asterisk (*) indicates significant difference compared to the control (Student’s t test, p 0.0007). Error bars indicateSEM.
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As shown in Figure 5, the Crumbs complex proteins were re-
duced or lost at the SAR. Therefore, PALS1 may be required for
the recruitment of the Crumbs complex components, and re-
duced levels of PALS1 are likely to give a complex phenotype due
to the reduced levels of PALS1-CRB1 and PALS1-CRB2 com-
plexes inMu¨ller glia cells and photoreceptors (van Rossum et al.,
2006).
During retinal development, newborn neurons, which make
up six of the seven major classes of cells in the retina, must be
produced in proper ratios, migrate to the proper layer, and form
synaptic connections with each other (Cepko et al., 1996; Wei
andMalicki, 2002). Previous studies indicated that all retinal cell
classes were present in nagie oko mutant retinas; the mutant
showed, however, a severe disruption of retinal architecture,
which indicated that zebrafish PALS1 did not have a role in cell-
class specification (Wei et al., 2006). To verify the involvement of
mouse PALS1 in cell specification, we used specific markers for
retinal cells as shown in Figure 6. However, unlike the nagie oko
mutant, most cells in the mutant retinas were well separated and
migrated properly, even though the retina layers are folded and
some photoreceptor cells are dislocated into the subretinal space.
The data suggest that PALS1 levels are not critical for cell class
specification, but are critical for proper stratification of the
retina.
Similar PALS1/CRB complexes reside adjacent to adherens
junctions in the developing cortex and developing and adult ret-
ina. Loss of PALS1 from the developing cortex and hippocampus
resulted in premature withdrawal from the cell cycle, inducing
excessive generation of early-born postmitotic neurons followed
by massive programmed cell death in the mouse cortex and hip-
Figure 8. Retinas lacking PALS1 undergo persistent programmed cell death at maturation of the retina. A, Immunohistochemistry for c-CAS3 on representative sections of shPals1-RxCre and
RxCre retinas at P6 and P18. Apoptotic cellswere stainedwith c-CAS3 antibodies (red). Nuclear DNAwas counterstainedwith TO-PRO-3 (blue). Scale bar, 50m.B, Histogramdepicting the number
of c-CAS3-positive cells in shPals1-RxCre and control retinas at P6 and P18. Asterisk (*) indicates significant difference compared to the control (Student’s t test, p 0.0017 for P18OLM, p 0.0029
for P18 INL). Error bars indicateSEM. C, Immunohistochemistry for apoptotic cells and bipolar cells on representative sections of shPals1-RxCre and control RxCre retinas at 12 months of age.
Apoptotic cells were stained with c-CAS3 antibodies (red, arrowheads), and bipolar cells with anti-PKC (green). Nuclear DNA was counterstained with TO-PRO-3 (blue). Dashed quadrants in the
upperpanels indicate examplesof a c-CAS3-positive cell, andare shownenlarged in thepanel downon the left (scalebar, 10m). Thenumberofphotoreceptor andbipolar cells decreasedover time.
Scale bar, 50m.D, Quantification of the outer nuclear layer thickness. ONL thicknessmeasured every 500m from the optic nerve to an area near the peripheral edge of retinal sections in control
(12M) and shPals1-RxCre (3, 6, 12M). Error bars indicateSEM.
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pocampus (Kim et al., 2010). Even heterozygote mice with
reduced levels of PALS1 in the cortex showed a significant phe-
notype, suggesting dosage sensitivity of PALS1. We analyzed the
number of mitotic cells between E12 and E16 to examine the
involvement of PALS1 in progenitor cell proliferation in the ret-
ina, but could not detect significant differences (data not shown).
In shPals1-RxCre retinas, a reduction of up to 52% of PALS1may
not be sufficient to affect cell proliferation, but we cannot exclude
the possibility that cell proliferation is inappropriately timed. The
time course of neurogenesis in the retina is longer than in the
cortex and hippocampus (Go¨tz and Huttner, 2005), and levels of
PALS1 might not be as critical in retinal progenitor cell prolifer-
ation as in cortical progenitor cell proliferation.
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